ABSTRACT: Post-irradiation melting of ultra-high molecular weight polyethylene (UHMWPE) reduced the oxidation potential of UHMWPE in vivo. After mid-term (5-10 years) use in vivo, there is detectable oxidation in irradiated and melted joint implant retrievals. The absorption of the synovial fluid lipid squalene was identified as a possible factor initiating oxidation. We investigated the role of lipids in UHMWPE oxidation by asking: (1) Do other synovial fluid lipids initiate oxidation in irradiated and melted UHMWPE?; (2) What is the effect of the absorption of multiple lipids on UHMWPE oxidation?; (3) How does lipid-initiated oxidation in vitro compare to what is observed in long-term retrievals? We diffused emulsified single and mixed lipids into irradiated and melted UHMWPE and accelerated aged them. We analyzed the oxidation in these samples and in four long-term highly crosslinked, irradiated, and melted Longevity TM UHMWPE liner retrievals (in vivo for up to 190 months) using Fourier Transform Infrared Spectroscopy (FTIR). We showed that lipids other than squalene could initiate oxidation in UHMWPE and that the types of absorbed lipids determined the amount of resultant oxidation. Although mixed lipids doping and accelerated aging reproduced the average and maximum oxidation values and oxidation products observed in vivo, the oxidation depth profile and its effect on cross-link density was different. One reason for this was the variability of oxidation in retrievals, suggesting additional factors contributing to oxidation. The understanding of oxidative processes in vivo and the development of clinically relevant in vitro protocols to evaluate implant materials is crucial for their long-term performance. ß
Ultra-high molecular weight polyethylene (UHMWPE) is the bearing material of choice for total joints. Radiation is used to cross-link UHMWPE and increase its wear resistance. 1, 2 Highly cross-linked UHMWPEs, irradiated to radiation doses above that used for sterilization (50-100 kGy compared to 25-40 kGy, respectively) 3 exhibit improved wear resistance, 1, 2, 4 and decreased osteolysis in vivo. 5 One potential mechanism that could adversely affect these outcomes later on is changes in the physicochemical properties of UHMWPE due to oxidation.
Our understanding of UHMWPE oxidation has focused on the oxidation initiated by residual free radicals caused by radiation. Some free radicals are trapped in the crystalline regions of this semi-crystalline material 6 and react with oxygen over the lifetime of the implants, resulting in a reduction of some physical properties. 7 Thus, the early methods developed to reduce or eliminate oxidation potential in cross-linked UHMWPEs focused on reducing the concentration of residual free radicals after irradiation. 8, 9 Post-irradiation melting is one such method by which residual free radicals are reduced to concentrations below the limits detectable by electron spin resonance (ESR), a method commonly used in free radical quantification. 10 The analysis of surgically retrieved, post-irradiation melted UHMWPE components at mid-to long-term in vivo use (5-10 years of implantation) revealed that there is detectable and variable oxidation in them. 11, 12 Although the oxidation process of UHMWPEs containing residual free radicals is well known, the mechanism by which oxidation is initiated in post-irradiation melted UHMWPEs without detectable free radicals is not known. In vitro studies have shown that the absorption of lipids from the synovial fluid and surrounding tissues has the potential to initiate oxidation in UHMWPE. 13 Therefore, accelerated aging methods incorporating lipid absorption can provide a better understanding of the oxidation of cross-linked UHMWPEs.
An analysis of the lipids absorbed in retrieved UHMWPE components revealed the presence of cholesterol, several different cholesteryl esters, and squalene, an unsaturated pre-cursor in the cholesterol metabolism. 14 We demonstrated that squalene could markedly increase the oxidation rate during accelerated aging in UHMWPE without residual free radicals. We also showed that, in addition to temperature and oxygen concentration, the concentration of absorbed squalene is an important factor in determining oxidation rate. 13 The most commonly used UHMPWE accelerated aging method involves thermo-oxidative aging at an elevated temperature and oxygen concentration (5 atm. of O 2 at 70˚C for 14 days). 15 Although this standardized test 16 is able to induce oxidation in UHMWPEs with free radicals and in UHMWPEs without free radicals in non-standardized long durations, 17 it is unable to simulate accurately the oxidation rate and oxidation-depth profiles observed in vivo. It is possible that oxidation of UHMWPE is affected by lipid absorption in vivo, a factor which was previously not considered in the development of in vitro accelerated aging methods.
In this study, we proposed a more clinically relevant accelerated aging method by adding lipid absorption to the standard aging test. We asked the following questions: (1) Do synovial fluid lipids other than squalene initiate oxidation in irradiated and melted UHMWPE?; (2) What effect does the presence of multiple lipids have on oxidation?; and (3) How does lipid-initiated oxidation in vitro compare to what is observed in long-term retrievals?
We analyzed the oxidation levels, oxidation-depth profiles, and oxidation products of lipid-diffused and accelerated aged samples in vitro and compared them to those measured in retrieved components.
MATERIALS AND METHODS

Retrievals
Four acetabular liners (Longevity TM , Zimmer Biomet, Warsaw, IN in vivo for 96, 122, 156, and 190 months were selected from our collection of surgically retrieved components based on the longest duration in vivo. These retrievals were manufactured from UHMWPE that had been electronbeam irradiated (100 kGy), melted, machined, and gas plasma sterilized. We analyzed these retrievals on the loaded articular surface as a function of depth away from the articular surfaces (Figure 1 ).
Preparation of Lipid Emulsions for Diffusion in Vitro
The following lipids were used ( For cholesterol, cholesteryl stearate, and cholesteryl linoleate emulsions, the lipid and emulsifiers were weighed using a balance with a resolution of 0.1 mg (A-250; Denver Instrument Company, Denver, Colorado) and subsequently warmed on a hot plate for 20 min at 50˚C. In a separate beaker, water was weighed and also warmed to 50˚C for 20 min. The contents of the two beakers were then combined in a new beaker and then heated until about 90˚C while being stirred by a mechanical stirrer for 20 min. The lipid emulsion was then boiled under reflux in a round bottom flask for 2 h and allowed to cool to room temperature afterwards. For squalene emulsions, the same mixing procedure was followed at room temperature without heating. A control emulsion without lipids was prepared using 40 wt% Tween 20. The mixed lipid emulsion was formulated by combining all four lipid emulsions in equal parts.
Lipid Diffusion into Irradiated and Melted UHMWPE Bar stock of GUR1050 UHMWPE was irradiated to 100 kGy using electron-beam irradiation (Iotron Technologies, Columbus City, IN). The irradiated bar stock was melted in air at about 170˚C and cooled. Cubes (1 Â 1 Â 1 cm) machined from the irradiated and melted UHMWPE were doped in emulsions of the different lipids for durations to achieve 1-3 mg of absorption of the lipid. The cholesterol, cholesterol stearate, and control emulsion doping lasted 6 weeks, the cholesteryl linoleate emulsion lasted 5 weeks, squalene emulsion doping lasted 1 day, and the mixed lipids emulsion lasted 3 weeks (n ¼ 3 for each) in a 40˚C bath. Two controls were used in this study: (1) irradiated and melted UHMWPE without any further treatment (undoped control) and (2) irradiated and melted UHMWPE doped using the control emulsion without lipids (emulsion control). The prepared samples were not sterilized.
Accelerated aging of the control and lipid-doped samples was performed for 2 weeks in a pressure vessel that was pressurized with 5 atm of O 2 and placed in a convection oven set at 70˚C.
Analysis of Lipid Diffusion and Oxidation
Thin sections (150 mm thickness) were microtomed from the inner surface of the samples (test cubes and retrievals, n ¼ 6 each), and half of the sections were then boiled under reflux in hexane for 16 h to remove any absorbed solvent and extractable species. This was followed by drying those sections in vacuum for 24 h. Fourier Transform Infrared spectroscopy (FTIR) with a microscope attachment was used to analyze the thin sections before and after hexane extraction as a function of depth away from the edge of the thin films corresponding to the free surface of the test cubes. In the case of retrievals, the FTIR analysis was performed as a function of depth away from the articular surface toward the backside surface. Carbonyl (pre-hexane extraction) or oxidation indices (post-hexane extraction) were calculated by normalizing the area under 1,740 cm À1 (1,640-1,780 cm À1 ) to that at 1,370 cm À1 (1,330-1,390 cm À1 ) per ASTM F2102-01. For the retrievals, pre-hexane extraction maximum ketone indices were also calculated by normalizing the peak height at 1,715 cm À1 to that at 1365 cm À1 to compare the maximum ketone indices to the oxidation indices calculated using the ASTM method. All FTIR measurements were performed on three thin sections of each type of test cube. The carbonyl index-depth profiles show measurements from all three sections and a splined average. Oxidation levels are calculated as an average of the maximum oxidation indices (MOI) measured in each of the three sections.
Analysis of Cross-Link Density
Surface sections (1 mm deep Â 3 Â 3 mm) were cut from the test cubes using a razor blade. Each section was weighed, then immersed in 25 ml of xylene at 130˚C for 2 h. Afterwards, the sample was removed from the xylene and blotted dry. The sample was sealed in a glass vial with a PTFE septum to prevent loss of absorbed xylene. The weight of the absorbed xylene was calculated by subtracting the initial weight of the sample from its final weight; the volume of the absorbed xylene and the initial volume of polyethylene were calculated using densities of 0.94 g/cm 3 for UHMWPE at room temperature and 0.75 g/cm 3 for xylene at 130˚C. The swell ratio of each sample was calculated and used to determine the cross-link density according to ASTM F2214-02.
Statistical Analysis
Statistical analysis was performed using a Student's t-test for two-tailed distributions with unequal variance. Using three samples per group, 70-80% power is anticipated to determine oxidation level differences of 20% with a standard deviation of 10%. Significance was assigned to p < 0.05.
RESULTS
Thermal aging of undoped control UHMWPE did not cause a significant increase in polymer oxidation (post-hexane extraction carbonyl, p ¼ 0.7) (Figure 3) . The oxidation of UHMWPE that came in contact with the control emulsion without any synovial fluid lipids had higher oxidation than UHMWPE aged without any diffusion (p ¼ 0.01). All UHMWPEs aged after the absorption of lipids had increased oxidation, as measured by the post-hexane carbonyl index or oxidation index, compared to that of UHMWPE diffused with the control emulsion (p ¼ 0.04, p ¼ 0.03, p ¼ 0.01, and p ¼ 0.04 for cholesteryl linoleate, cholesterol, squalene, and cholesteryl stearate, respectively). UHMWPE aged after squalene absorption showed the highest oxidation (MOI ¼ 1.04 AE 0.21) while cholesteryl stearate doped samples showed the lowest (MOI ¼ 0.28 AE 0.08). The maximum oxidation observed in all emulsified single lipid-diffused and accelerated aged samples was on the surface (Figure 4 ). The two largest FTIR absorbances in the carbonyl region after accelerated aging were at 1,717 and 1,736 cm À1 ( Figure 5 ). There was significant oxidation in the UHMWPE aged after diffusion with emulsified mixed lipids compared to UHMWPE aged after diffusion with the emulsion control ( Figure 3 ; MOI ¼ 0.77 AE 0.09; p < 0.01). The oxidation observed in UHMWPE aged after diffusion of emulsified mixed lipids was higher than the samples diffused with emulsions of cholesterol, cholesteryl stearate, or cholesteryl linoleate alone, but lower than that of squalene ( Figure 3 ). The two largest FTIR absorbances in the carbonyl region after accelerated aging were at 1,717 and 1,736 cm À1 , attributed to ketones and esters ( Figure 5 ).
The average maximum oxidation levels observed in the four retrievals ranged from 0.10 AE 0.03 to 0.54 AE 0.15 (Table 1 and Figure 3 ) and generally correlated well with maximum ketone (Table 1) . Although the maximum carbonyl index could be detected at or close to the surface before hexane extraction in some retrievals (Figure 6 ), the maximum oxidation index after hexane extraction was at a sub-surface location for all four retrievals (Figure 7) . The difference between the carbonyl index before extraction and the oxidation index after extraction was significant for all four retrievals (Table 1 and Figures 3, 6 , and 7; p < 0.01). The two largest FTIR absorbances in the carbonyl region were at 1,717 and 1,736 cm À1 (Figure 8 ).
Samples aged in vitro subsequent to contact with emulsified lipids had decreased cross-link density with increasing oxidation (Figure 9) . The cross-link density measured on the articular surface of three of the four 100 kGy irradiated and melted UHMWPE retrievals was higher than the samples aged in vitro in the presence of lipids at a similar oxidation index (Figure 9 ).
DISCUSSION
The cause and nature of oxidation in irradiated and melted retrievals is not known. Historically, an oxidation level of one was associated with a physically meaningful reduction in the mechanical properties of conventional, gamma sterilized UHMWPE. 18 It also has to be noted that the mechanical strength of irradiated and melted UHMWPEs is substantially lower than unoxidized conventional UHMWPE 19 ; therefore, the oxidation rates and thresholds for clinically relevant mechanical deterioration for these highly cross-linked UHMWPEs may be different than those for conventional UHMWPE. 20 An analysis of the oxidation-depth profiles, oxidation products, and the effect of oxidation on the crosslink density of retrievals as well as the development and refinement of clinically relevant accelerated aging methods is necessary and useful.
One limitation of our study was that we were not able to use more of the lipids previously found to absorb into implants in vivo 14 because of their lack of availability. However, the lipids included in this study were representative of the lipid environment to which implants are exposed in vivo and are some of the major components found in implants. With the exception of cholesteryl linoleate, they also constituted the majority of the lipids found in the synovial fluid.
14 Therefore, the likelihood of finding these lipids together in an implant is high. In addition, the lipids absorbed into UHMWPE implants could be grouped under four chemical categories: Cholesterol, squalene, cholesteryl esters with aliphatic side chains comprising 14-25 carbons with no unsaturated bonds or with some unsaturated bonds. 14 We used cholesteryl stearate (18 carbon side chain) to represent those cholesteryl esters with no unsaturations (Figure 2) . Similarly, we used cholesteryl linoleate (18 carbon side chain), which has two unsaturated bonds along its aliphatic chain, to be representative of other cholesteryl esters with unsaturated bonds (Figure 2 ). We believe that we have captured a clinically relevant lipid environment by accounting for most of the concentration of lipids and by using representative chemical structures. Having said this, there may be other components in the clinical environment (e.g., antioxidants) that are likely to diffuse into UHMWPE and have a significant effect on oxidation. All of the lipids increased the amount of oxidation in irradiated and melted UHMWPE in clinically relevant concentrations of 1-3 mg (Figure 3 ), which were based on the carbonyl index levels ( 0.5) previously observed in the absorption of synovial fluid lipids by 50 kGy irradiated and melted Marathon TM (DePuy Synthes, Warsaw, IN) retrievals without substantial polymer oxidation. 21 Although the carbonyl indexdepth profiles before hexane extraction are composed of both polymer oxidation and extractable lipid species, those after hexane extraction are likely polymer oxidation only. This is based on the assumption that lipophilic species containing carbonyl bonds are extracted completely during exposure of thin sections of UHMWPE to boiling hexane. Thus, the FTIR analysis resulted in a "carbonyl" index, which represented the amount of extractable species and polymer oxidation before hexane extraction, and an "oxidation" index, which represented the amount of polymer oxidation only after hexane extraction. The difference in these indices (i.e., FTIR absorbances before and after hexane extraction) was small, suggesting a small amount of extractable species. These results using emulsified single lipids showed that many of the components absorbed into UHMWPE can initiate oxidation with varying intensity. The largest FTIR absorbances in the carbonyl region for emulsified single lipid absorbed and oxidized samples were attributed to ketone (1,717 cm À1 ) species ( Figure 5 ) found commonly in oxidized UHMWPE. 22 When all four lipids were used in the absorption medium before accelerated aging, the polymer oxidation was comparable to the average oxidation observed with emulsified single lipids (Figure 3) . Similar to the case with emulsified single lipids, the difference between the FTIR absorbances before and after hexane extraction was small after accelerated aging, suggesting a relatively small amount of extractable species. Despite being able to replicate oxidation levels observed in vivo (Figure 4) , the oxidation-depth profiles of emulsified lipid absorbed UHMWPE showed maximum oxidation on the surface, suggesting a dissimilar oxidation mechanism or dissimilar rates of oxidative reactions from that observed in vivo (Figure 7) . The largest FTIR absorbance in the carbonyl region for mixed lipid absorbed and oxidized samples was attributed to esters (1,736 cm À1 ), which was more prominent than that observed in emulsified single lipid absorbed samples ( Figure 5 ). In addition, comparison between the FTIR spectra before and after hexane extraction ( Figure 5 ) revealed that these esters were extractable. 
IN-VITRO OXIDATION MODEL FOR UHMWPE
Despite a trend for oxidation to increase with duration in vivo, the duration of implantation is not a reliable predictor of the level of oxidation in a specific implant of irradiated and melted UHMWPE in the mid-term (5-7 years). 11, 12 Both in the literature and in this report, the oxidation levels of the individual retrievals varied significantly (Figures 3  and 7 ). There was a large amount of absorbed species in these implants (Table 1) , but the carbonyl index-depth profiles (Figures 6 and 7 ) and the amount of final oxidation products ( Figure 8 ) were different from each other, suggesting different oxidation rates. The largest FTIR absorbances in the carbonyl region for the retrievals were at 1,736 and 1,717 cm À1 , attributable to esters and ketones, respectively, and were similar to those observed in in vitro aged samples. However, there was a larger amount of extractable species in the retrievals when compared to the amount absorbed from emulsified lipid mixtures in vitro (Figure 3) , suggesting that the oxidation potential of the absorbed lipids was different from those studied in vitro.
It is difficult to determine whether accelerated aging after the absorption of emulsified mixed lipids is representative of oxidation in vivo. Although it is clear that oxidation can occur as a result of lipid absorption in vivo, analysis of absorbed species and oxidation products in a larger numbers of retrievals is needed. In addition, other factors such as the types of lipids in the patient's blood/tissues and patient weight (correlated to the mechanical stress to which the implants are exposed) and activity level may affect the vulnerability of the UHMWPE to oxidation. Although all in vitro aged cross-linked UHMWPEs had deteriorated cross-linking as a function of oxidation (Figure 9 ), the cross-link density of three of the retrievals was higher at the same oxidation index. This result further corroborates the possible effects of other aspects of in vivo oxidation, which may have protective effects, such as the absorption of antioxidants from the synovial fluid.
CONCLUSION
The incorporation of absorbed mixed lipids is an advancement in simulating the chemical environment of the implant in accelerated aging methods for UHMWPE bearing formulations. However, the great variability in the oxidation behavior of retrievals, the discrepancy between the oxidationdepth profiles, and the effect of oxidation on the cross-link density of in vitro aged samples and retrievals suggest that other in vivo factors, such as antioxidants in the peri-prosthetic environment and/or loading conditions, may also regulate in vivo oxidation.
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